® 



Europalsches Patentamt 
European Patent Office 
Office europeen des brevets 



■lilllllllllll 

0 Publication number: 0 448 868 A1 



® 



© Application number: 90313003.7 
© Date of filing: 29.11.90 



EUROPEAN PATENT APPLICATION 

© mt.ci.5: H01L 31/0236, H01L 31/0352 



® Priority: 29.12.89 US 458851 

© Date of publication of application: 
02.10.91 Bulletin 91/40 

© Designated Contracting States: 
DE FR GB IT 

© Applicant AMERICAN TELEPHONE AND 
TELEGRAPH COMPANY 
550 Madison Avenue 
New York, NY 10022(US) 



@ Inventor: Morgan, Robert Anthony 
20 East Smith Street 
Topton, Pennsylvania 19562(US) 

© Representative: Watts, Christopher Malcolm 
Kelway et al 

AT&T (UK) LTD. AT&T Intellectual Property 
Division 5 Momington Road 
Woodford Green Essex IG8 OTU(GB) 



© Optical device including a grating structure. 



© Substrate-supported optical device structures 
such as, e.g. quantum-well infrared 
detectors/detector arrays are provided with a grating 
for optical coupling. A binary, reflection grating is 



designed so that nh is approximately equal to X/4 
where n is the refractive index of the grating, h is the 
thickness of the grating, and X is a wavelength of 
interest. 
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OPTICAL DEVICE INCLUDING A GRATING 



Technical Field 

The invention is concerned with optical devices 
comprising a grating. 

Background of the Invention 

For the detection or modulation of optical radi- 
ation, especially at infrared frequencies, devices 
based on intersubband or bound-to-cbntinuum ex- 
citation of carriers in quantum wells have been 
disclosed in Applied Physics Letters , 50, pp. 
273-275, February 2, 1987 (Levine et at. t) and 
Applied Physics Letters , 53, pp. 296-298, July 25, 
1988 (Levine et al. II). The former article discloses 
intersubband absorption and the latter article dis- 
closes bound to continuum absorption. 

The devices described Include a substrate sup- 
ported layered structure having quantum wells be- 
tween barrier layers. The devices have interleaved 
wide and narrow bandgap layers and are expedi- 
ently implemented, e.g. by means of doped gallium 
arsenide well layers and aluminum gallium ar- 
senide barrier layers on a gallium arsenide sub- 
strate. At least one narrow bandgap layer forms a 
quantum well. Suitable choices of layer thicknesses 
and compositions permit the devices to have peak 
absorption at any desired wavelength in the 
"atmospheric window" region extending from 8 to 
14 micrometers. The devices are considered suit- 
able for use in, e.g. focaJ-plane arrays, high-speed 
detectors, optical heterodyne receivers, and verti- 
cally integrated infrared spectrometers. 

However, due to quantum mechanical selection 
rules, absorption in these devices depends upon 
the direction of the incident radiation with respect 
to the layered structure, and there is essentially 
zero absorption for radiation which is incident per- 
pendicular to the layered structure. A waveguide 
configuration permits light absorption but is not 
easily implemented; grating couplers have been 
proposed to increase the absorption efficiency. For 
example, Applied Physics Letters, 47, pp. 
1257-1253, December »5, 1935, discloses the use 
of a grating to enhance the absorption efficiency. 
The grating, patterned GaAs covered by a metallic 
layer, was designed to convert incident radiation 
into evanescent modes with an electric field com- 
ponent perpendicular to the quantum well layers, 
thus permitting it to be absorbed. Additionally, Ap- 
plied Physics Letters, 53, pp. 1027-1029, Septem- 
ber 19, 1988, describes a structure similar to that 
of the previous article, but which absorbs light also 
by diffracting the incident radiation back through 
the layered structure. The diffracted radiation is not 



normal to the quantum well layers and may thus be 
absorbed. 

Summary of the Invention 

5 

An optical device structure comprising a multi- 
layered structure having a quantum well region and 
grating means for coupling optical radiation into 
said quantum well region with the grating means 

10 design introducing an opticaJ path difference of v 
between adjacent teeth. For a binary grating used 
in reflection, the grating means design relationship 
is approximately nh = \/4 where n is the refractive 
index of the grating means material, h is the thick- 

75 ness of the grating, and X is the principal 
wavelength of interest. The quantum well region 
has at least one narrow bandgap layer that forms a 
quantum well. The grating diffracts the incident 
radiation into the quantum well region where it is 

20 absorbed as the propagation constant has a signifi- 
cant non-normal component The phase shift of 
minimizes reflection in the zeroth order. 

The grating layer material may be different 
from the quantum well region material so thai, 

25 conveniently, the quantum well region material acts 
as an etch stop during fabrication. For example, on 
a GaAs-AIGaAs device, polycrystalllne silicon can 
be formed and etched in this fashion to form the 
grating. 

30 

Brief Descr iption of the Drawing 

FIG. 1 is a schematic elevational view of a 
device comprising a plurality of optical detectors 
having gratings in accordance with a preferred 

as embodiment of the invention; and 

FIG. 2 is a diagram representing experimentally 
determined relationships between wavelength 
and radiation flux responsivity for a preferred 
device in accordance with the invention. 

40 Detailed Description 

FIG. 1 shows a device structure comprising 
substrate 10, first and second contact layers 11 
and 12, quantum well region 13, having interleaved 

45 wide and narrow bandgap layers with at least one 
narrow bandgap layer forming a quantum well, 
grating structure 14, and contacts 15. For reasons 
of clarity, the elements of the device depicted are 
not drawn to scale. 

so Materials will be readily selected by those 

skilled in the art. Layers 11 and 12 and region 13 
will typically oamprise Groups III— V materials, al- 
though the use of Groups 11— VI and mixed Group 
IV materials is contemplated. The contact layers 
will typically be heavily doped semiconductors to 
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facilitate charge collection. These materials are well 
known to those skilled in the art and their growth is 
understood and easily practiced. In a preferred 
embodiment, the Group III — V materials are GaAs 
and Al GaAs. Grating materials will also be readily 
selected. For example, polycrystalline silicon may 
be used. The grating design will be discussed in 
detail later. Contact materials will be readily se- 
lected by those skilled in the art. An appropriate 
fabrication sequence will be readily selected by 
those skilled in the art, and it heed not be dis- 
cussed in detail. 

The terms "wide" and "narrow" bandgap de- 
serve some explanation. The photodetector prefer- 
ably uses bound state to continuum excitation of 
carriers for light absorption. The wide and narrow 
bandgap layers should have bandgaps and layer 
thicknesses selected so that there fs only a single 
bound; electron state in the narrow, or quantum 
well, bandgap layer. 

FIG. 2 shows curves 21 and 22 with curve 21 
corresponding to a preferred embodiment of the 
invention, including a grating, and curve 22 cor- 
responding to a prior art device illuminated ob- 
liquely via a 45-degree beveled face in the sub- 
strate. The curves represent flux responsivity plot- 
ted vertically in units' of /iA/W cm 2 versus 
wavelength plotted horizontally in units of P m. The 
radiation source was a 500* C blackbody, and the 
detector was cooled to a temperature of 77* K. 
Superior responsivity of a device, including a grat- 
ing, is readily apparent upon comparison of curve 
21 and curve 22. 

The device is designed to optimize photocur- 
rent, assuming that the noise does not increase 
disproportionately, when radiation is received from 
what is typically referred to as a black body or 
thermal radiation source. Deviations from the ideal- 
ized relationship disclosed of 15 percent or less 
result in such optimization. The grating design in- 
volves choice of grating layer thickness and refrac- 
tive index structure, e.g., a binary grating with a 50 
percent duty cycle, and grating period. For a binary 
grating used in reflection, the preferred grating 
layer thickness is inversely related to the refractive 
index of the grating material, in accordance with 
the idealized p r ating means design relationship, 
nh - X/4, 

where X is a wavelength of interest, is n is the 
refractive index of the grating layer material, and h 
is the grating layer thickness. As explained, this is 
an idealized relationship and there may be de- 
viations from equality as large as 15 percent. A 
typical wavelength of interest is the peak of the 
black body emission spectrum. For the reflection 
grating depicted, this relationship introduces a 
phase shift of it. A grating conforming to the ideal- 
ized relationship minimizes the zeroth order. For 



example, with \ - 10 micrometers, and n = 3.4 
(as for silicon), the preferred grating layer thick- 
ness, h is approximately 0.75 micrometer. If the 
grating is used in transmission, the relationship is 
5 (n 2 -ni) h = X/2. In the interest of minimized grating 
layer thickness, high-index materials are preferred 
as grating materials. The efficacy of a grating may 
be enhanced also by suitable choice of an over- 
lying material, e.g. a contact metallization material. 

io The preferred period of the grating depends on 

the direction of radiation incidence and may be 
motivated by the desire for a first-order diffracted 
beam to propagate in a direction parallel to the 
layered structure. For example, in the case of per- 

is pendicular incidence, a preferred grating period is 
approximately d = X/n for a wavelength of interest. 

As illustrated by FIG. 1, a grating may have a 
rectangular profile and is disposed on the quantum 
well region. Among alternative gratings within the 

20 scope of the invention are triangular profiles, and 
fabrication of the grating on the substrate. Also, 
gratings may be present on the device structure as 
well as bh the substrate. Preferred gratings can 
'readily serve, e.g. to couple radiation into 2-dimen- 

25 sionai focal-plane detector arrays. 

The devices will typically be detecting thermal 
or black-body radiation which is, of course, a con- 
tinuum, rather than radiation of essentially a single 
wavelength. For design purposes, the wavelength 

30 of interest is conveniently taken as the peak of the 
"black body emission spectrum. Detailed consider- 
ation of the shape of the source and absorption 
spectra may lead to deviations from equality of the 
idealized relationship that are as large as 15 per- 

35 cent. The term "approximately" when and in con- 
junction with the idealized relationship means that 
deviations from equality are 15 percent or less of 
nh. 

A device whose performance is illustrated in 
40 FIG. 2, curve 21, was made according to the fol- 
lowing example. The numerical values are either 
nominal or approximate. Example. On a semi-in- 
sulating gallium arsenide substrate, a 1 -micrometer 
first contact layer of gallium arsenide was depos- 
45 ited (doped n = 2 x 10 18 cm -3 ), followed by a 
detector structure consisting of 50 periods of 4- 
nancmetor oallium arsenide quantum-well layers 
(doped n = 2 x 10' 8 cm~ 3 ) between 30-nanometer 
Alo.26Gao.74As undoped barrier layers (resulting in a 
so barrier height of approximately 250meV). A second 
contact layer of 0.5 micrometer gallium arsenide 
was deposited, doped n = 2 x 10 18 cm -3 . Layers 
as described above were deposited by molecular- 
beam epitaxy. 

55 On the second contact layer, a 750-nanometer 
layer of polysifrcon was deposited by e-beam evap- 
oration. A 4-micrometer-period grating was formed 
in the polysilicon layer by reactive-ion etching, with 
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a photoresist layer as etch mask. The etching gas 
was approximately 95 percent CF+ and 5 percent 
oxygen by volume. The second contact layer 
(underlying the polysilicon layer) was used as an 
etch stop. Scanning-electron-microscopic inspec- 5 
tion showed that the grating had an essentially 
square profile, with a 1 .9-micrometer/2.1 -microm- 
eter duty cycle. A 50 percent duty is optimum. 

After formation of the grating as described, a 
mesa structure having an approximate diameter of to 
250 micrometers was chemically etched in the 
presence of a photoresist mask. Metallic contact 
layers were deposited by sequential e-beam evap- 
oration of germanium-gold (20 nanometers), silver 
(50 nanometers), and gold (75 nanometers) in the 15 
presence of a lift-off mask. 

Variations will be readily apparent to those 
skilled in the art. 

Claims 20 

1. A device comprising a substrate(e.g. 10), a 
quantum well region(e.g. 13) on said substate- 
(e.g. 10), said region(e.g. 13) comprises inter- 
leaved wide and narrow bandgap layers, at 25 
least one of said narrow bandgap layers com- 
prising a quantum well, grating means(e.g. 14) 

for coupling optical radiation into said quantum 
well region(e.g. 14), 

CHARACTERIZED IN THAT grating means- 30 
(e.g. 14) design introduces a phase shift of 
between adjacent teeth. 

2. A device as recited in claim 1 in which said 
grating(e.g. 14) is a binary refraction grating. 35 

3. A device as recited in claim 2 in which said 
grating(e.g. 14) design for adjacent teeth is 
approximately nh = X/4 where n is the refrac- 
tive index of the grating means material, h is 40 
the thickness of the grating means, and X is a 
wavelength of interest. 

4. A device as recited in claim 3 in which de- 
viations from equality of said grating design 45 
means(e.g. 14) are less than 15 percent. 

5. A device as recited in claim 4 in which said 
grating(e.g. 14) has a period that is approxi- 
mately equal to X/n. so 
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FIG, 1 




FIG, 2 
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